Background: Understanding the bacterial division machinery is essential to decoding cellular physiology. Results: The cell division proteins MinD/MinE bind tightly to anionic lipids, which reduces ATPase activity. Conclusion: MinD and MinE interact preferably with anionic lipids that are positioned at the cell pole. Significance: These results provide insight into a mechanism that regulates bacterial cell division and may present a useful target for antimicrobial development.
A hallmark of cell division is the establishment of the division plane. Escherichia coli cell division involves the spatial and temporal localization of a protein ensemble that demarcates the mid-cell (1, 2) . In E. coli, the Min proteins, consisting of MinC, MinD, and MinE, form a pole-to-pole oscillator that regulates the assembly of the division plane (3) . The oscillation of MinD and MinE creates a temporal gradient of MinC, which is an antagonist of FtsZ and prevents its assembly into the Z-ring and the subsequent organization of the division machinery. Several models have explored the influence of cell geometry and membrane composition on the placement of the cell division machinery (4 -6) . Despite the apparent simplicity of this oscillatory system, an understanding of the interactions between the Min proteins and their association with the membrane is still emerging (7) (8) (9) .
MinD is a central component of this mechanism. MinD dimerizes in an ATP-dependent manner and binds the membrane via its amphipathic C-terminal helix (10, 11) . MinD has a preference for interacting with anionic phospholipids, such as phosphatidylglycerol (PG) 3 and 1Ј,3Ј-bis(1,2-dioleoyl-snglycero-3-phospho)-sn-glycerol (cardiolipin; CL), which represent ϳ25 and ϳ5% of phospholipids in the E. coli membrane (12) , respectively (9, 13) . The poles of E. coli cells are reportedly enriched in CL due to its response to membrane curvature (6, 14 -16) . It has been hypothesized that the positioning of MinD in vivo may be influenced by the curvature of the pole and the interaction between proteins and polar, anionic lipid-rich regions of the membrane (2, 8, 10) .
Both MinC and MinE bind to MinD close to its dimerization interface (17) . The binding of a dimer of MinE to MinCD has been reported to trigger the release of MinC followed by stimulating the ATPase activity of MinD and its dissociation from the membrane (18, 19) . In one current model of the Min system, MinD binds to the membrane as a dimer and functions as the spatial determinant for recruiting MinC. MinE migrates outward from the mid-cell toward the pole, where it binds MinD, triggers its ATPase activity, and releases MinC and subsequently MinD into the cytoplasm (17) . MinD and MinC diffuse through the cytoplasm, MinD binds to the membrane at the other polar region of the cell, and the process repeats (17) . Reac-tion diffusion models can recapitulate the oscillation of the Min proteins in silico (20, 21) . Remarkably, a component of the Min oscillation can be reconstituted by the addition of recombinant MinD and MinE to supported lipid bilayers in vitro (18, 22, 23) .
In addition to measurements of MinCDE dynamics in vivo and in vitro, several studies have addressed the binding of MinD and MinE to phospholipid membranes with varying anionic composition (7-9, 24, 25) . For example, Mileykovskaya et al. (9) demonstrated that MinD has a preference for binding to anionic phospholipids and that division plane formation may be regulated by the composition of the membrane. Hsieh et al. (7) demonstrated that MinE binds to bacterial cell membranes directly via its N-terminal domain. Interestingly, this region of the protein is proposed to stimulate the ATPase activity of MinD. A triple mutant of MinE (R10G/K11E/K12E) no longer bound to phospholipid bilayers and yet retained its ability to stimulate the ATPase activity of MinD (7) . The triple MinE mutant prevented the localization and oscillation of the Min system in vivo (7) and the oscillation of recombinant MinD on a supported bilayer (SLB) in vitro (22) . These studies suggest that a direct interaction between MinE and membranes may contribute to the localization of MinDE and its oscillation in vivo. The determination of values for the affinity and kinetics of the binding of MinD, MinE, and MinDE to the membrane may facilitate an understanding of the mechanism of the Min proteins in vivo.
In this paper, we use a quartz crystal microbalance with dissipation monitoring (QCM-D) to measure the binding affinity (K d ), adsorption rate (k on ), desorption rate (k off ), and ATPase activity for MinD, MinE, and MinDE to SLBs and liposomes with a user-defined composition. SLBs provide a versatile experimental platform for mimicking the properties of cell membranes (18, 23, 26) . Our results complement and extend the foundational studies of Mileykovskaya et al. (9) , which measured the equilibrium binding of MinD to liposomes of various compositions.
The application of QCM-D to measure K d provides advantages over liposome and sedimentation assays because it enables the monitoring of proteins interacting with membranes in real time. Fitting QCM-D binding curves made it possible for us to extract the kinetics of protein-lipid binding. We found that the concentration of the anionic lipids PG and CL had a substantial effect on the binding affinity and rate of MinD and MinE to membranes and demonstrated that electrostatic interactions play a dominant role in the phospholipid binding properties of these proteins. Further, the presence of anionic phospholipids decreased the ATPase activity of MinD, which influences the rate of MinC dissociation from MinD. These results provide insight into the interaction of MinD and MinE and their association with membranes and suggest a mechanism by which the proteins are excluded from the mid-cell, where their presence inhibits the formation of the division plane.
EXPERIMENTAL PROCEDURES
Lipid and Liposome Preparation-1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC; we refer to this lipid as PC), 1,2-dioleoyl-sn-glycero-3-phospho-(1Ј-rac-glycerol) (DOPG; we refer to this lipid as PG), and CL were from Avanti Polar Lipids Inc. (Alabaster, AL). We dissolved mixtures of lipids in chloroform and evaporated them under a stream of argon. For these studies, we used mixtures of PC/PG at a molar ratio of 100:0, 90:10, 80:20, 70:30, and 50:50 and PC/CL at a molar ratio of 97.5:2.5, 95:5, 92.5:7.5, and 90:10. We dried lipid mixtures under vacuum overnight before use. We hydrated dried lipid mixtures in 10 mM Tris buffer (Sigma-Aldrich), pH 8.0, containing 100 mM NaCl (Sigma-Aldrich) and 5 mM CaCl 2 (SigmaAldrich) to a final lipid concentration of 5 mg/ml and homogenized the samples using four cycles of freezing in liquid nitrogen followed by thawing in a sonication bath (Branson 2510). We extruded lipid mixtures 21 times through a polycarbonate membrane filter containing 50-nm diameter pores (Avanti Polar Lipids Inc.) following the procedure of Mayer et al. (27) . We stored lipid solutions sealed at 4°C under an atmosphere of argon and used the samples within 1 week after preparation.
QCM-D Measurements-We used a QCM-D E1 and E4 (QSense AB, Biolin Scientific AB, Gothenburg, Sweden) to measure the binding of MinD and MinE to SLBs. In QCM-D experiments, the frequency (⌬f) and dissipation (⌬D) changes of a quartz crystal are extrapolated from measuring the piezoelectric properties of the crystal (28) . The frequency change of a quartz crystal can be directly correlated to changes in mass and reflects the adsorption of material on the surface. The dissipation is attributed to dissipative energy losses of the material deposited on the oscillating crystal surface and can be used to analyze the viscoelastic properties of the attached molecules.
Quartz crystals (QSense AB, Biolin Scientific AB, Gothenburg, Sweden) were coated with a 50-nm-thick layer of silicon dioxide by chemical vapor deposition (GeSiM GmbH, Dresden, Germany). Before use, we oxidized the crystals in a solution consisting of a 1:1:5 volumetric ratio of concentrated ammonium hydroxide (Sigma-Aldrich), 30% hydrogen peroxide (Fisher), and ultrapure water (Millipore, Billerica, MA) at 70°C. We oxidized crystals in an oxygen plasma chamber (Harrick Plasma, Ithaca, NY) for 2 min at high radio frequency, immediately placed them into the measurement chamber, and covered them with ultrapure water (Millipore, Billerica, MA).
A representative example of a QCM-D measurement is shown in Fig. 1 . We initiated measurements by exchanging water in the flow cell with 10 mM Tris buffer, pH 8.0, until we observed a drift of the signal less than 0.1 Hz/min. Subsequently, we introduced a suspension of fresh liposomes (0.2 mg/ml) to the crystal and observed the characteristic profile of SLB formation (29, 30) . After 5 min, we rinsed the sensor surface with 10 mM Tris buffer, pH 8.0, added solutions of MinD or MinE at a range of concentrations (0.168 -54.2 M) to the SLB surface, and measured binding (Fig. 1) . MinD or MinE were adsorbed for 5-10 min or until a stable base line was observed, and the quartz crystals containing adsorbed protein were rinsed with 10 mM Tris buffer, pH 8.0. MinD or MinE was almost completely removed from the SLB surfaces during rinsing with Tris buffer. We performed multiple protein adsorption and desorption cycles on each SLB. We measured the binding of MinD to SLBs in the absence or presence of ATP. For experiments with ATP, we added 2.5 mM ATP and 10 mM MgCl 2 to the protein solution. All measurements were performed at 24°C.
We analyzed the data by extracting the maximum frequency changes and plotting the frequency versus the protein concentration. The corresponding binding curves were fit to the Hill equation (Equation 1) to calculate binding coefficients,
where ⌫ is the surface coverage (binding of MinD/MinE to the SLB), c is the concentration of MinD/MinE, K d is the equilibrium dissociation constant, and n is the Hill coefficient that denotes the cooperativity of binding. Briefly, a Hill coefficient with n Ͼ 1 indicates positive cooperativity, n Ͻ 1 indicates negative cooperativity, and n ϭ 1 indicates non-cooperativity. Additionally, we analyzed the kinetics of each individual binding event. We fit the plots to a second order exponential decay function and extrapolated to determine the adsorption (k on ) and desorption rates (k off ).
Preparation of Recombinant MinD and MinE-We produced and purified MinD (pI 5.1) and MinE (pI 5.3) by modifying the protocol reported by Ivanov and Mizuuchi (23) . We transformed E. coli BL21 cells with the plasmids encoding MinD X05, coding for proteins translationally fused to an N-terminal His 6 tag, and MinE X09, coding for fusions to a C-terminal His 6 tag, and plated the transformants as described by Ivanov and Mizuuchi (23) . We picked individual colonies and grew them overnight in Luria-Bertani medium to saturation (30 ml supplemented with 50 g/ml ampicillin). We inoculated a 2-liter culture of Luria-Bertani medium with the overnight culture, adjusted the density to an absorbance of 0.05 ( ϭ 600 nm), and grew the culture at 37°C to an absorbance of 0.6 ( ϭ 600 nm). At this absorbance, we induced protein expression by adding 1 mM isopropyl 1-thio-␤-D-galactopyranoside, 0.2% L-arabinose, and 200 l of antifoam agent 204 (SigmaAldrich) to the culture medium, transferred the culture flasks to a refrigerated incubator, and grew them overnight at 16°C.
The next day, we incubated the culture on ice for 10 min. We centrifuged cells at 10,000 ϫ g for 15 min at 4°C and resuspended them in ice-cold lysis buffer consisting of 50 mM NaH 2 PO 4 , pH 7.5, 300 mM NaCl, 10 mM imidazole, and freshly added 10 mM ␤-mercaptoethanol, protease inhibitor PMSF (0.02 mg/ml of buffer), and 0.2 mM Mg-ADP. All of these reagents were from Sigma-Aldrich. We cooled the cell suspension on ice for 10 min, lysed the cells using a French press, and clarified the crude cell lysate by centrifugation at 10,000 ϫ g for 30 min at 4°C. We collected the supernatant in a 50-ml centrifuge tube (C1060, Denville Scientific Inc., Metuchen, NJ) and stored it on ice. 2 ml of Ni 2ϩ -Sepharose resin (GE Healthcare) was added to the cell suspension. The Ni 2ϩ -Sepharose resin was equilibrated with imidazole buffer consisting of 50 mM NaH 2 PO 4 , pH 7.5, 300 mM NaCl, 20 mM imidazole, 10% glycerol, protease inhibitor PMSF (0.02 mg/ml of buffer), and 0.1 mM EDTA. The suspension was incubated on a rocking shaker at 4°C for 2-3 h. We poured the resin into a column and washed it three times with imidazole buffer containing increasing concentrations of imidazole (20, 50, and 70 mM). We eluted the protein fraction containing the His 6 tag from the resin using elution buffer consisting of 50 mM NaH 2 PO 4 , pH 7.5, 300 mM NaCl, 300 mM imidazole, 10% glycerol, 0.1 mM EDTA, protease inhibitor PMSF (0.02 mg/ml of buffer), and 0.2 mM ADP.
We further concentrated the protein fractions through Vivaspin molecular weight cut-off membranes (GE Healthcare) to purify MinD (30 kDa) and MinE (10 kDa) (supplemental Fig.  S10 ). In the last step, we exchanged the purified and concentrated protein solutions into storage buffer consisting of 50 mM HEPES, pH 7.25, 150 mM KCl, 10% glycerol, 0.1 mM EDTA, and 0.2 mM ADP (for MinD) using a PD10 desalting column (GE Healthcare). We aliquoted the protein fractions into Eppendorf tubes, froze them in liquid nitrogen, and stored the aliquots at Ϫ80°C.
MinD ATPase Activity Assay-We used an ATP/NADHcoupled assay to measure ATPase activity that is based on the regeneration of ATP (A2383, Sigma-Aldrich) by the coupled oxidation of NADH (N8129, Sigma-Aldrich). Each cycle of ATP hydrolysis was followed by regeneration of ATP by phosphoenolpyruvate (860077, Sigma-Aldrich) and pyruvate kinase. Conversion of pyruvate to lactate by lactate dehydrogenase resulted in the oxidation of NADH to NAD. We used a TECAN plate reader to measure the NADH absorbance at ϭ 340 and 380 nm of 150-l reaction volumes in the wells of a 96-well plate at 24°C. For these assays, we used 2 M MinD and 2 M MinE in the presence of 2.5 mM ATP and 0.2 mg/ml liposome solutions.
RESULTS

Binding of MinD to SLBs Consisting of PC, PG, and CL-An
example of the formation of a SLB measured by QCM-D is shown in Fig. 1 . Measurements of the formation of SLBs on silicon dioxide surfaces by QCM-D have been described in detail previously (29 -31) . Briefly, the model for SLB formation involves liposomes adsorbing on hydrophilic silicon dioxide surfaces, accumulating until a critical coverage is established, and fusing into large liposomes. As the size of liposomes increases, they become unstable, rupture, and form a planar SLB. QCM-D measurements of planar SLB formation on silicon dioxide display a characteristic frequency change (⌬f) of ϳϪ25 to Ϫ30 Hz and a dissipation change (⌬D) of ϳ0.1-1 ϫ 10 Ϫ6 . SLBs on planar surfaces are intrinsically stable due to the favorable balance of interfacial forces, including electrostatic repulsion and attraction between charged lipid head groups and the substrate surface (32) .
We formed SLBs with a range of concentrations of PC/PG and PC/CL on quartz crystals coated with a layer of silicon dioxide and measured the interaction of recombinant MinD or MinE at different concentrations. We observed that the binding of both proteins was predominantly reversible, which enabled us to repeat measurements on individual SLBs. The adsorption of MinD to SLBs consisting of 100% PC and PC/PG in the absence of ATP did not produce a significant increase in ⌬f, even at MinD concentrations of Ͼ2 M (Fig. 2 and  supplemental Fig. S1 ).
The addition of 2.5 mM ATP to the MinD solution resulted in the binding of protein to SLBs for all of the lipid compositions used in this study, including 100% PC. We observed that the binding of MinD to SLBs was non-linear and strongly dependent on protein concentration at all lipid compositions (Fig. 2) . Increasing the concentration of MinD enhanced ⌬f and ⌬D (Fig. 1) and increased the amount of adsorbed MinD. Above a threshold concentration of MinD (between 4 -6 M), we observed that the binding of MinD became saturated. The onset of saturation was dependent on the lipid composition of the SLB. We observed a significant difference in the binding affinity of MinD to SLBs upon introducing PG to the lipid mixture. Increasing the concentration of PG in the SLB enhanced the binding affinity of MinD (Fig. 2) . Increasing the concentration of PG to 30% decreased the K d of MinD by a factor of 4 compared with SLBs consisting of 100% PC (Table 1) . Despite extensive experimentation, we were unable to form SLBs containing PC with a concentration of PG of Ͼ30% (supplemental Fig. S2 shows an example for 50:50 PC/PG). We fit the binding curves to Equation 1 and found a correlation between the decrease in K d with increasing PG concentration ( Fig. 2B and Table 1 ). Interestingly, the composition of lipids had less of an effect on ⌬D than on ⌬f. Fig. 1 shows ⌬f and ⌬D for MinD binding to a SLB of PC/PG 90:10; between the first and second adsorption steps, ⌬D was negligible, whereas ⌬f nearly doubled. The nearly constant value of ⌬D suggests that monolayers of protein are assembling on SLBs of varying composition.
We studied the interaction of CL with MinD. CL is an anionic phospholipid with an intrinsic curvature of 0.45-1.33 nm Ϫ1 (33, 34) that is widely found in bacterial membranes, where it destabilizes bilayers (12) . We recently studied the relationship between negative membrane curvature, CL microdomain localization, and the positioning of MinD in E. coli spheroplasts (15) . We found that CL microdomains and MinD co-localized in spheroplast membranes, which supported the hypothesis that CL may be a spatial determinant for the localization and function of this protein in vivo. To connect these observations to quantitative biophysical measurements, we studied the adsorption of MinD to PC/CL bilayers using QCM-D. We were able to form SLBs with concentrations of CL Յ5%, which is biologically relevant because the concentration of CL in E. coli membranes approaches this value at stages of cell growth (35) . We were unable to form SLBs containing CL concentrations of Ͼ5% and hypothesize that the intrinsic curvature of CL precludes formation of stable, planar SLBs (supplemental Fig. S3 ).
We found no significant difference between the K d for 95:5 and 97.5:2.5 PC/CL (Fig. 3 and Table 1 Fig. S5 ). The qualitative binding of MinD and MinE to these SLBs is similar. However, at higher concentrations of MinE (Ն12.1 M), we observed partially irreversible binding of protein to the SLB (supplemental Fig. S6 ). Increasing the concentration of CL to 5% decreased the K d of MinE to 12.1 M (Table 1 ). Unable to prepare stable SLBs with a CL concentration above 5%, we could not study the effect of higher CL concentrations on MinE binding (supplemental Fig. S3 ).
The incorporation of PG into SLBs had a significant effect on the K d of MinE to membranes. Increasing the concentration of PG to 10% resulted in a decrease in K d (9.2 M) that was comparable with SLBs containing 95:5 PC/CL (12.1 M) (Fig. 4 and Table 1 ). We increased the concentration of PG to 20 and 30% and observed a further decrease in the K d for MinE to SLBs from 5.9 to 1.1 M (Fig. 4 and Table 1 ), suggesting that MinE preferentially binds to SLBs that have a high concentration of anionic phospholipids. Qualitatively, the relationship between increasing PG concentration and a decrease in the K d for MinE to SLBs is comparable with our observations with MinD. However, the actual K d of MinE to SLBs containing PG is at least 5 times weaker than for MinD (Table 1) . At the highest concentration of PG that we studied (30%), the K d for MinD and MinE to SLBs only differs by a factor of 1.3 (0.74 versus 1.1 M). We observed that the saturation of MinE binding to SLBs was achieved at a much higher protein concentration (Ͼ27 M) than for MinD (4 -6 M).
Simultaneous Binding of MinD and MinE to SLBs-As the Min oscillation consists of the interaction of MinD and MinE at membranes, we studied the simultaneous binding of MinD and MinE to SLBs to mimic the interaction of the Min proteins with the membrane in vitro. We measured the co-adsorption of an equimolar ratio of MinD and MinE (1.68 M) on SLBs (Fig. 5) . For comparison, the concentrations of MinD and MinE in the cell are 0.8 and 1.2 M, respectively (36, 37) . The adsorption of MinD and MinE correlated to the concentration of anionic lipids in the SLB (Fig. 5 and supplemental Fig. S7 ). The kinetic profiles of protein binding were influenced by the concentration of anionic lipids. In contrast to the kinetics of the individual adsorption of MinD or MinE, we observed three distinct phases for the co-adsorption of both proteins (supplemental Fig. S8 ): 1) rapid adsorption; 2) intermediate desorption and displacement; and 3) slow desorption during rinsing of the crystal in buffer (Fig. 5) . For the adsorption of either MinD or MinE on SLBs, we were only able to distinguish two phases: 1) protein adsorption until the SLB was saturated; and 2) the desorption of protein during the rinsing of the crystal with buffer ( Fig. 5 and supplemental Fig. S8) .
MinD ATPase Activity-To extend our understanding of the influence of membranes on MinDE, we measured how this pro- tein-lipid interaction influences the ATPase activity of MinD in vitro using a coupled enzyme assay in the presence of MinE. We observed a decrease in the ATPase activity of MinD in the presence of liposomes containing negatively charged lipids, in contrast to liposomes containing 100% PC (Fig. 6) . The ATPase activity of MinD was lower for all of the PC/PG concentrations we tested, compared with 100% PC, and no differences between the concentrations were apparent. In contrast, the ATPase activity of MinD in the presence of PC/CL liposomes decreased with increasing concentrations of CL. This ATPase activity of MinD was comparable with its activity in the presence of E. coli total lipid mixture.
DISCUSSION
MinD Binding to SLBs-The binding of MinD to SLBs in the presence of ATP was strongly dependent on the lipid composition. Our experiments confirmed previous measurements by Mileykovskaya et al. (9) that measured the binding affinity of MinD to liposomes of different lipid composition. We expanded these measurements by using QCM-D, which enabled us to extract kinetic data from binding curves at different concentrations of MinD, PG, and CL (Fig. 7) . The k on for MinD binding to bilayers followed a general trend in which the rate increased with increasing concentrations of anionic lipids (Fig. 7A) . The values of k on for MinD binding to 100% PC and 97.5:2.5 PC/CL were approximately identical (Fig. 7A) . The trend for k off was reversed, and higher concentrations of anionic lipids resulted in the slower desorption of MinD from SLBs (Fig. 7B) ; the k off for 100% PC did not follow the trend, which may be due to its zwitterionic distribution of charges. MinD clearly has an increased affinity for PG and CL.
Binding of ATP to MinD exposes its C-terminal membranetargeting sequence (38, 39) . The membrane-targeting sequence consists of a positively charged, hydrophobic region that is important for binding to membranes and enhances the electrostatic interaction of MinD with anionic phospholipids (17) . At comparable concentrations of anionic phospholipids, we found no preference for MinD binding to CL versus PG. Although we were unable to increase the concentration of CL in SLBs above 5%, the highest concentration of CL found in E. coli membranes has been reported to be only ϳ8%, which is close to the highest values we used (35) . The K d for MinD binding to 5% CL (1.8 M) was similar to the binding of MinD to 10% PG (1.42 M). These data may reflect the anionic character presented by CL (two phosphate groups instead of one for PG) and a larger hydrophobic region for binding of the membrane-targeting sequence than for PG. If this hypothesis is correct, PG and CL may similarly facilitate the binding of proteins to membranes, albeit at different stoichiometries.
We calculated the protein layer thickness from the maximum changes in frequency using the Sauerbrey equation, which correlates ⌬f to mass changes (40) . The results are summarized in supplemental Fig. S4 . At the highest concentrations of MinD in our experiments (13.4 M), we found that the maximum thickness of the protein layer was ϳ7.5 nm. Taking into consideration the sensitivity of QCM-D and the estimated 6.4-nm length scale for the MinD dimer crystal structure (Protein Data Bank code 3Q9L) (17), the thickness derived from the calculation is compatible with the formation of a monolayer of protein. We conclude that MinD does not form a multilayer at the range of MinD concentrations used in our experiments. The formation of a MinD monolayer supports the hypothesis that the binding of MinD dimers at the SLB interface is regulated by its interaction with the membrane. The thickness of the protein layers was consistent at all lipid compositions that we studied.
MinE Binding to SLBs-The MinE adsorption measurements support a model in which its interaction with membranes is required for the correct function of the cell division machinery . In contrast to the interaction of MinD with membranes, k on and k off for MinE binding to SLBs is not clearly correlated to lipid composition (Fig. 8) . In general, the differences in k on are almost identical for all PG concentrations we tested (Fig. 8A) . The k off values for MinE on all lipid compositions appear to decrease with increasing MinE concentrations (Fig. 8B) . The k off values are almost identical for MinE concentrations of Ն6.8 M, except for an outlier at 97.5:2.5 PC/CL.
One interpretation of these results is that MinE has a strong interaction potential with high concentrations of anionic phospholipids. Park et al. (17) recently identified a membrane-binding ␣-helix in MinE that only interacts with the membrane upon binding to MinD. However, we found that MinE binds to SLBs in the absence of MinD. The strongest interaction we observed with MinE was its binding to a 70:30 PC/PG lipid mixture, which is the closest lipid composition to E. coli membranes that we studied. The interaction of MinE may be crucial for the proper functioning of the division machinery because the binding of MinE to the membrane stimulates MinD ATPase activity, the release of MinC and MinD from the membrane, and the oscillation of the Min system between the two polar regions to ensure the placement of the FtsZ ring at midcell (9, 17) .
The rates of k on and k off for MinE did not follow a clear trend. The k on rates were high for the two CL concentrations we studied (2.5 and 5%) and decreased with an increase in MinE concentration (Fig. 8A) . The k on for MinE to PG-containing SLBs was slow and increased with increasing concentrations of MinE. These results suggest that increasing the CL concentration increased the rate of MinE binding to SLBs and a preference for binding to membranes containing PG. This interaction may be important at the cell poles, where MinE is required to displace MinD and stimulate the oscillation of the Min system to the opposing cell pole.
We calculated the MinE protein layer thickness from the maximum ⌬f (supplemental Fig. S4 ) and found it to be between ϳ5.4 and 6.5 nm thick. These values are close to the estimated length of the MinE dimer based on the crystal structure (ϳ4.5 nm) (Protein Data Bank code 3R9J) (17) . Our measurements suggest that MinE dimers form a monolayer at the SLB interface.
Simultaneous Binding of MinD and MinE-The kinetics for the simultaneous binding and desorption of MinD and MinE to SLBs were significantly different from the kinetics for the individual proteins. We observed three stages occurring in the simultaneous binding assays (supplemental Fig. S8 ). In the first stage, MinD and MinE bound SLBs at approximately the same rate, as evidenced by similar values of k on (Table 2 ). In the presence of both MinD and MinE, the observed k on was significantly higher and suggests that MinE may stimulate the binding of MinD, or vice versa. The magnitude of ⌬f that we observe indicates the adsorption of both MinD and MinE in monolayers to SLBs (confirming the results of monolayer formation for each individual protein).
In the second stage, we observed a reversal in the direction of the frequency shifts. One explanation for this behavior may be the onset of MinD displacement by MinE at the SLB interface. The initial displacement occurs rapidly (indicated by k fast ) and over time reaches equilibrium (indicated by k slow ) ( Table  2 ). These observations may indicate the process of detachment and displacement of MinD from the membrane by MinE; the data support the two fascinating examples of reconstituted Min systems in vitro (18, 23) . Although it is unclear from our in vitro measurements whether MinE is membrane-associated or proximal to the membrane during this step (i.e. the direct interaction of MinE with MinD without initial membrane binding), the K d for the interaction of MinE with the SLB suggests that either scenario may be possible. A current model is that the binding of MinE to the membrane is stimulated by the presence of MinD (17) . The displacement of MinD reaches an equilibrium that is defined by a constant ⌬f. We hypothesize that the equilibrium is defined by constant MinD and MinE displacement and proceeds until most of the ATP in solution is hydrolyzed. This result can be compared with the reappearing waves for the in vitro Min system (18, 22, 23) . Alternatively, the equilibrium we observe may indicate that all free ATP has been consumed, although this scenario is unlikely, given the short time scale of the experiment.
In the third and last stage, we introduced buffer into the flow cell and observed the rapid desorption of the MinD and MinE mixture. This process is comparable with stage 2 for the binding and desorption of individual proteins. Interestingly, there is no indication of substantial changes in the viscoelastic properties of membrane-bound proteins during stages 1-3. Although we expected that characteristic frequency changes would produce similar dissipation profiles, we observed that the changes in ⌬D were subtle, which agrees with the observations of monolayers for the individual proteins (Fig. 5) . The overall kinetics strongly depend on the lipid composition.
We repeated the simultaneous binding of MinDE (1.68 M) to SLBs three times and observed the same characteristic (Fig.  7) . We also observed comparable results for 1:1 M and 1:2 M stoichiometries of MinD/MinE (supplemental Fig. S9 ). However, a ratio of 0.8:1.2 M MinD/MinE did not produce a similar kinetic profile (supplemental Fig. S9) ; these values reflect the reported concentrations of MinD and MinE in vivo (36, 37) . It is unclear why the MinD/MinE stoichiometry of 1:1 works well in this assay. Increasing the concentration of MinE by a factor of 5 (to 5 M) produced different results (supplemental Fig. S9 ). We attribute this result to the enhanced rate of displacement of MinD by the high concentration of MinE, which led to pronounced simultaneous binding and displacement of the proteins. Our observation that MinD is rapidly displaced at a high concentration of MinE is supported by the observation of an increase in the oscillation frequency of MinD at high MinE concentrations (41) . Although it would have been ideal to bind MinD to the SLB and then to chase it with MinE to measure protein dissociation, we found that MinD dissociated as we introduced buffer into the flow cell, which unfortunately made these experiments impossible.
ATPase Activity-Our results indicate a lower conversion rate of ATP by MinD in the presence of negatively charged membranes and MinE. This observation may be related to the binding efficiency of MinD to anionic phospholipids affecting the accessibility of MinE and its influence on the structure of MinD and its rate of ATP hydrolysis. However, we also observed the ATPase activity of MinD in the absence of MinE. Shih et al. (42) observed that the assembly and disassembly of polar zones of MinD still occur in the absence of MinE rings, which confirms that the ATPase activity may be unrelated to the presence of MinE. Hence, it appears that the ATPase activity of MinD is independent of the simultaneous binding of MinD and MinE to liposomes in our experiments.
Our observation of the tight binding of MinD to CL and its suppression of ATPase activity upon binding may explain the dwell time of MinD at the cell poles during observations of oscillations in vivo, where CL appears to be enriched in the membranes (14, 15) (i.e. enhanced binding to the polar regions of membranes may decrease the local displacement of MinD by MinE). Decreased k off rates for MinD from the SLB with higher anionic concentrations also correspond to low ATPase activity.
Hu et al. (43) demonstrated that the rate of ATP hydrolysis by MinD is independent of the concentration of MinE; however, the lag phase depends on MinE concentration. The observed desorption behavior of MinD can be interpreted by a model in which the detachment of MinD by stimulation of its ATPase activity by MinE is not a required step.
Various mechanisms have been proposed for organizing Min protein function in rod-shaped cells (4, 44 -46) . It is unclear how a mechanism based upon phospholipid organization may coordinate the spatial oscillation of the Min system in roundshaped cells. However, small deformations of the shape of these cells lead to the realignment and oscillation of the Min proteins (4, 44, 45) . The model that arises from our observations is supported by recent computational studies that treated MinD as a polymer strand and MinE as an inducer of its ATPase activity (47) . The polar bias of polymerized MinD dimers can be explained by tension created through MinD polymers that induces membrane curvature by the binding of the amphipathic helix. The increase in tension may induce local membrane curvature and increase MinD attachment due to an increase in its accessibility (47, 48) . Although MinD is accessible to MinE in model membranes that contain no or low amounts of anionic lipids, increasing concentrations of CL and PG may deform the local shape of the membrane and increase MinD binding. This step in turn decreases the probability of the detachment of MinD and its ATPase activity in the presence of MinE because it impedes the binding of MinE to the membrane. Binding of MinE to the membrane does not necessarily require the presence of negatively charged lipids; however, the retention times of both proteins at the poles may be related to the presence of anionic lipids at this region of the membrane or the proposed curvature mechanism (47). We were unable to detect membrane deformations using QCM-D, which leaves the hypothesis of the role of CL in membrane bending unanswered. In summary, our results suggest that negatively charged lipids play a role in cell division site selection. In this study, we studied the binding of the bacterial division proteins MinD and MinE to SLBs consisting of varying compositions of phospholipids. We observed that both MinD and MinE have a high affinity to SLBs, as evidenced by the values of K d , that correlates to the concentration of anionic phospholipids in the membrane (Fig. 9) . Whereas MinD binds to both neutral and anionic SLBs (9), MinE is less promiscuous and selective for binding to anionic SLBs. MinD showed no apparent preference for binding to CL using the two PC/CL SLB compositions from which we were able to create stable SLBs. However, these experiments are not sufficient to rule out a concentration dependence on MinD binding to CL. In contrast, the binding of MinE to membranes is dependent on CL concentration. At the highest concentration of PG that we studied (30%), the K d for MinD and MinE differs by a factor of 1.3, which is close to the experimental error of our measurements. Our inability to create SLBs containing more than 5% CL prevented our studies of how incremental changes in CL affect MinD and MinE binding to SLBs. Taking into consideration previous studies describing the role of MinE membrane adsorption (7, 8) , our data support a mechanism for the preferential association of MinDE at the poles, where the concentration of anionic lipids is high; these results also indicate that the dissociation from membrane-bound MinD and MinE at this region of the cell should be slow. Our measurements of the ATPase activity of MinD in the presence of liposomes corroborate this mechanism because high concentrations of anionic lipids reduce the ATP hydrolysis rate of MinD. Finally, overlaying our measurements on the reported distribution of CL and PG in the cell supports a mechanism in which MinD and MinE bind the membrane and may preferentially dwell at the poles, in contrast to localization along the cylindrical region of the cell, and is consistent with a recent analysis of the composition and concentration of proteins in polar vesicles (49) . The interaction of MinD and MinE with anionic phospholipids is emerging as an important mechanism for the spatial positioning of the division inhibitor machinery.
